1. Introduction {#sec1-materials-12-03436}
===============

The fight against air pollution caused by the emission of pollutants from various sources is one of the main concerns for the international community. Soot particulates are formed as undesired by-products; in particular, these particles are emitted from incomplete internal combustion in engines together with NO~x~, CO, and hydrocarbons. These pollutants are widely produced by vehicles, ships, working machines, industries, etc. The removal of such particulates is of great importance due to the massive problems related to health and the environment \[[@B1-materials-12-03436],[@B2-materials-12-03436],[@B3-materials-12-03436]\]. The removal of these harmful particulates (soot particulate) is currently a huge task for researchers due to the increasing demands of environmental protection given the new environmental legislation regarding exhaust specifications \[[@B4-materials-12-03436],[@B5-materials-12-03436]\]. The negative impact on nature caused by these kinds of pollutants has led researchers to develop new devices/innovations along with new synthetic methods that are more economical and non-polluting and that work under reasonable conditions to reduce soot emissions from engines. The ultimate aim is that new technologies will help to efficiently eliminate the problems related to soot-particulate emission \[[@B5-materials-12-03436],[@B6-materials-12-03436]\]. Trapping of soot by filters (Gasoline Particulate Filters (GPFs) or Diesel Particulate Filters (DPFs) is a good way to decrease soot emission from exhaust gases. However, a periodic regeneration of these filters is necessary in order to avoid filter blocking or damage. During regeneration, the filter temperature is increased as the soot oxidizes at higher temperatures. The direct oxidation of this soot requires a high temperature (around 600--700 °C, depending on the operation conditions) and this in turn requires significant energy input \[[@B7-materials-12-03436],[@B8-materials-12-03436]\]. The high temperature necessary for the regeneration of the uncatalyzed filter is generally achieved by injection of diesel/gasoline fuel into the exhaust system. Generally, the temperature range of the exhaust systems is around 600--800 °C for gasoline and 150--500 °C for diesel. This strategy leads to an uncontrolled exothermal phenomenon, which can damage the filter \[[@B8-materials-12-03436]\]. In the last few decades, significant improvements have been made by equipping exhaust systems with a catalytic converter. Noble metals (Pt, Pd, and Rh) are the most widely used catalysts due to their activity and durability. However, these noble metals are expensive, and their uses are limited in the catalytic soot oxidation reaction \[[@B7-materials-12-03436]\]. Therefore, the development of effective and active catalyst formulations that can significantly increase the rate of soot oxidation is of great interest \[[@B9-materials-12-03436],[@B10-materials-12-03436]\].

Various types of catalysts that exhibit good catalytic activity for soot oxidation have been reported and these include metals and mixed metal oxides combined with noble metals \[[@B11-materials-12-03436],[@B12-materials-12-03436],[@B13-materials-12-03436],[@B14-materials-12-03436]\], perovskite and perovskite-like oxides \[[@B15-materials-12-03436],[@B16-materials-12-03436],[@B17-materials-12-03436]\], transition metal oxides \[[@B18-materials-12-03436],[@B19-materials-12-03436]\], rare earth modified catalysts \[[@B20-materials-12-03436],[@B21-materials-12-03436]\], and noble metals \[[@B22-materials-12-03436],[@B23-materials-12-03436],[@B24-materials-12-03436]\]. Ceria and ceria-based catalysts are widely adopted for this purpose, and these systems have been studied and reported in several investigations on soot oxidation \[[@B1-materials-12-03436],[@B5-materials-12-03436],[@B25-materials-12-03436],[@B26-materials-12-03436]\]. Such materials are considered as good catalysts for soot oxidation, mainly due to their high oxygen storage capacity and redox properties \[[@B1-materials-12-03436],[@B21-materials-12-03436],[@B27-materials-12-03436]\]. Ceria catalytic activity can be improved by the incorporation of different elements within the crystal lattice. It has been reported that the incorporation of Co, Fe, Cu, Zr, and Mn into ceria significantly modifies the oxygen storage capacity and can positively promote the soot oxidation activity \[[@B28-materials-12-03436],[@B29-materials-12-03436],[@B30-materials-12-03436]\]. Shan et al. studied the soot oxidation reaction over MnO~x~--CeO~2~ oxides and found that the catalytic activity depended on the preparation conditions, with the differences in catalytic activities attributed to the oxygen transfer capability \[[@B31-materials-12-03436]\]. Venkataswamy et al. reported nanostructured Ce~0.7~Mn~0.3~O~2--δ~ and Ce~0.7~ Fe~0.3~O~2--δ~ solid solutions for diesel soot oxidation and determined that Mn-doped CeO~2~ exhibited higher catalytic activity and better stability than the Fe-doped CeO~2~ sample \[[@B32-materials-12-03436]\]. Grabchenko et al. \[[@B33-materials-12-03436],[@B34-materials-12-03436]\] reported that CeO~2~-based catalysts containing Ag within the CeO~2~ structure can greatly improve the reactivity of CeO~2~ toward soot oxidation. According to these reports, transition metals combined with ceria oxides can significantly affect the soot oxidation reaction by decreasing the onset temperature and the activation energy of the process.

The aim of the work described here was to study the effect of pH on the structure and properties of a series of NiO--CeO~2~ mixed oxides and to correlate the structure of the oxides with the catalytic activity in soot oxidation.

2. Materials and Methods {#sec2-materials-12-03436}
========================

2.1. Preparation of Catalysts {#sec2dot1-materials-12-03436}
-----------------------------

Ni--Ce mixed oxide catalysts with a calculated molar ratio Ni/Ce = 3 were synthesized by coprecipitation following the hydrotalcite route at different pH values of 8, 9, and 10 (± 0.22). Starting nitrates for M^(II)^ \[Ni(NO~3~)~2~.6H~2~O, Sigma Aldrich, Schnelldorf, Germany, ≥98%\] and M^(III)^ \[Ce(NO~3~)~3~.6H~2~O, Sigma Aldrich, Schnelldorf, Germany, ≥99%\] were dissolved in pure water with an appropriate molar ratio to form solution A. Na~2~CO~3~ (Cheminova International S.A, Madrid, Spain, ≥98%) was dissolved in pure water to form the alkaline solution B. For the synthesis, solution A was added dropwise to solution B under vigorous stirring at room temperature, while the pH value of the mixture was kept constant by using a 2 mol/L NaOH solution. The mixtures were stirred for 24 h at room temperature and the resulting precipitates were transferred to the reflux system and kept under vigorous stirring at 85 °C for 24 h. The resulting gels were washed with pure water and ethanol several times to remove any excess salts. After filtration and washing/centrifugation, the solids were dried overnight in an oven at 100 °C. The solids were then calcined in a muffle furnace at 600 °C for 1 h, with a heating ramp of 10 °C/min. The resulting materials were denoted as Ni-Ce-8, Ni-Ce-9, and Ni-Ce-10, where the numbers indicate the pH used in the synthesis.

2.2. Catalyst Characterization {#sec2dot2-materials-12-03436}
------------------------------

The Ni-Ce-pH catalysts were characterized by several techniques before and after calcination at 600 °C.

Thermogravimetric analysis (TGA) was carried out to identify the optimum calcination temperature. These experiments were performed in a thermogravimetric analyzer (TA instruments Q50) (TA instruments, New Castle, DE, USA). Fresh samples were introduced into an alumina microbalance pan and heated up to 900 °C with a temperature ramp of 10 °C/min under an air/nitrogen mixture (60/40 v/v, with a total flow of 100 mL/min).

In order to identify the surface functional groups on the prepared catalysts, Fourier-transform infrared spectroscopy (FTIR) was carried out on a Bruker Alpha and/or Nicolet iS10 spectrophotometer (Bruker Optik GMBH, Ettlingen, Germany) at high resolution and over 32 scans to improve the signal-to-noise ratio in the wavelength range between 4000 and 400 cm^−1^. Self-supporting pressed pellets of the neat powders and/or KBr powder mixtures were used (3% of dried powder was mixed and ground in a mortar with 97% KBr).

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) (thermo elemental IRIS Intrepid) (Thermo Scientific, Waltham, MA, USA) was used to determine the chemical composition of the prepared catalysts.

Powder XRD patterns were recorded on a Bruker D8 Advance A-25 diffractometer (Bruker Corporation, Billerica, MA, USA) working in Bragg--Brentano geometry using Cu-K~α~ radiation (λ = 1.54 Å) as the radiation source. X-ray diffractograms were collected at room temperature over the 2 theta range from 10° to 80°, with a stepwise increment of 0.02° and an acquisition time of 3 s at every angle. After the data collection, the XRD patterns were indexed in accordance with the reference patterns available in the Joint Committee on Powder Diffraction Standards, JCPDS database. Scherrer (Equation (1)) and Bragg (Equation (2)) equations were used for the crystallite size and lattice parameters calculation of the catalysts. $$L = \frac{0.9\mathsf{\lambda}_{{k\mathsf{\alpha}}1}}{B_{({2\mathsf{\theta}})}{\cos\ \mathsf{\theta}}_{\max}},$$ where L denotes the average particle size, 0.9 is the value in radians when B~(2θ)~ is the full-width at half maximum (FWHM) of the peak, λ~kα1~ is the wavelength of the X-ray radiation (0.15406 nm), and θ~max~ is the angular position at the (111) peak maximum of the oxide NiO or CeO~2~. $$2d_{hkl}{Sin}\left( \mathsf{\theta} \right) = {n\mathsf{\lambda}},$$ where d~hkl~ is the spacing of the crystal layers (path difference), λ is the wavelength of the X-ray, θ is the incident angle (the angle between incident ray and the scatter plane) and n is an integer. Then, knowing d~hkl~ from Equation (2), we can estimate the lattice parameter **a** from Equation (3):$$d_{hkl} = \frac{\mathbf{a}}{\sqrt{\left( {\mathbf{h}^{2} + \mathbf{k}^{2} + \mathbf{l}^{2}} \right)}}.$$

The textural properties of the catalysts were determined by means of N~2~ adsorption--desorption isotherms at −196 °C using an automatic volumetric system (Autosorb iQ3, Quantachrome Instruments, Boynton Beach, FL, USA). Prior to the measurement, the samples were degassed under vacuum for 2 h at 200 °C to remove physically adsorbed components and other adsorbed gases from the catalyst surface. The specific surface areas (S~BET~) of the catalysts were calculated from the multipoint BET (Brunauer--Emmett--Teller) method. The pore volume of the catalysts was obtained using the BJH method (Barrett--Joyner--Halenda).

The reducibility of the catalysts was investigated by H~2~ temperature-programmed reduction (H~2~-TPR) experiments. These experiments were carried out on a Micromeritics AutoChem II 2920 instrument (Norcross, GA, USA) automated characterization system equipped with a thermal conductivity detector (TCD) (Norcross, GA, USA). In a typical H~2~-TPR run, 50 mg of sample was treated under a 5% H~2~/Ar flow (50 mL/min) in the temperature range 30--900 °C at a heating rate of 10 °C/min. The hydrogen consumption was quantitatively determined after calibration of the TCD response using CuO as standard.

The morphologies of the catalysts were investigated by the high-angle annular dark-field scanning--transmission electron microscopy (HAADF-STEM) technique. The corresponding observations were performed using a JEOL 2010 F microscope (JEOL, Peabody, MA, USA), working at 200 kV, with a structural resolution of 0.19 nm. The digital diffractograms (DDPs) reported here correspond to the log-scaled power spectrum of the corresponding fast Fourier transforms.

2.3. Catalytic Activity Measurement {#sec2dot3-materials-12-03436}
-----------------------------------

Printex-U (Orion Engineered Carbons, Frankfurt, Germany) (from Degussa S.A.), the characterization of which is reported elsewhere \[[@B35-materials-12-03436]\], was used as a model soot, since its properties are similar to those of soot particulates. The catalytic activity was measured in both loose contact (mixed with a spatula for 5 min) and tight contact (ground in a mortar for 5 min) modes with catalyst--soot mixtures of 20:1 (w/w) \[[@B21-materials-12-03436]\]. The catalytic measurements were performed by thermogravimetric analysis (TA Instruments---WATERS LLC-Q50, TA Instruments, New Castle, UK) of the mixtures, heating from room temperature up to 800 °C, under a 60 mL/min flow of air balanced with N~2~ (total flow of 100 mL/min) flow.

The apparent activation energy of the soot oxidation was determined by the Ozawa method (Equation (4)) on the basis of TGA data. Ea represents the activation energy expressed in KJ/mol, and R represents the ideal gas constant expressed in KJ/(mol K). Each TGA profile provided the temperatures, T~x~, at which an 'x%' fixed fraction of soot conversion was obtained. Experiments were performed by varying the heating rate β (β = 10, 15, 20, and 25 °C/min). $$\frac{d\left( {\log\left( \mathsf{\beta} \right)} \right)}{d\left( \frac{1}{T_{x}} \right)} = 0.4567\frac{E_{a}}{R}.$$

3. Results and Discussion {#sec3-materials-12-03436}
=========================

This section is divided into subsections and it provides a concise and precise description of the experimental results, their interpretation, and the conclusions that can be drawn.

3.1. Catalyst Characterization {#sec3dot1-materials-12-03436}
------------------------------

### 3.1.1. Thermogravimetric Analysis (TGA) and Fourier-Transform Infrared Spectroscopy Analysis (FTIR) {#sec3dot1dot1-materials-12-03436}

The decomposition of Ni-Ce-pH (pH = 8, 9, and 10) precursors was studied by TGA from room temperature to 900 °C under a flow of air at atmospheric pressure. The TGA trace for each catalyst was recorded ([Supplementary Materials, Figure S1](#app1-materials-12-03436){ref-type="app"}). In general, the thermal evolution of the catalysts Ni-Ce-pH involved three main mass loss steps during the decomposition up to 600 °C. Above 600 °C, a weight loss was not observed. This finding indicates that a phase change did not occur after 600 °C. Therefore, the TGA results for our precursors show that 600 °C is the most appropriate temperature for calcination because it is high enough for the removal of water, carbonates, and nitrates.

After calcination at 600 °C, an FTIR study was carried out on the samples ([Figure 1](#materials-12-03436-f001){ref-type="fig"}). In the FTIR spectra, the same bands approximately were observed as in the non-calcined catalysts ([Figure S2](#app1-materials-12-03436){ref-type="app"}), albeit with a weaker absorbance. The bands post-calcination diminished due to the removal of carbonates, nitrates, and water molecules from the catalyst structure. The presence of a band with a weak absorbance at 3436 cm^−1^ is attributed to the stretching vibration mode of the hydroxyl groups (--OH) of water, which was not completely removed. For the calcined systems, the presence of low frequency bands at 1044, 859, and 535 cm^−1^ can be attributed to (M--O) and (M--O--M) vibrations. The weak absorbance and diminished intensities of the bands indicate that calcination at 600 °C led to complete conversion of the structure of the catalyst to metal oxides.

### 3.1.2. Elemental Composition (ICP) {#sec3dot1dot2-materials-12-03436}

The chemical composition of the mixed oxides was determined by ICP-AES ([Table 1](#materials-12-03436-t001){ref-type="table"}). The Ni/Ce ratio varied from 0.87 to 1, which is slightly lower than the nominal value (1.25) and suggests a loss of Ni during the synthetic procedure, especially when using pH = 8. The Ni/Ce ratio depends on the efficient precipitation of Ni and Ce particles under an optimal pH value. In our case, the Ni/Ce ratio was not particularly close to the nominal value because the Ni particles were not precipitated efficiently at the lower pH value.

### 3.1.3. X-Ray Diffraction Analysis (XRD) {#sec3dot1dot3-materials-12-03436}

The X-ray diffractograms of Ni-Ce-pH catalysts calcined at 600 °C are shown in [Figure 2](#materials-12-03436-f002){ref-type="fig"}. The XRD patterns are very similar and they show the presence of two series of peaks corresponding to the fluorite-like structure of CeO~2~ (reflections at 28.53°, 33.08°, 47.48°, 56.37°, 69.41°, and 79.2°, according to JCPDS 34-0394, JCPDS 65-2975) and to the cubic NiO phase (reflections at 37.3°, 43.36°, 62.94°, and 75.43°, according JCPDS 44-1159, PDF 47-1049). Values for the crystallite sizes and lattice parameters were estimated by using the Scherrer and Bragg equations ([Table 2](#materials-12-03436-t002){ref-type="table"}). As a reference, the XRD of a CeO~2~ prepared at pH = 8 using the same method is included. The calculated lattice parameters were close to those reported for both standard cubic NiO (4.1771 Å) \[[@B36-materials-12-03436]\], CeO~2~ (5.4110 Å) \[[@B3-materials-12-03436]\], and Ce-8 (5.410 Å). However, it is worth noting that, in the case of CeO~2~, the values obtained are always below the reported lattice parameter and the difference is higher in the case of the sample prepared at a lower pH (Ni-Ce-8). This effect has been observed by several authors and was explained as being due to the incorporation of Ni^2+^ into the ceria network \[[@B36-materials-12-03436],[@B37-materials-12-03436]\]. According to these results, it seems that the amount on Ni^2+^ that replaces Ce^4+^ is higher when the synthesis of the mixed oxides is carried out at a lower pH.

The calculated crystallite sizes of NiO and CeO~2~ phases are also included in [Table 2](#materials-12-03436-t002){ref-type="table"}. In the case of CeO~2,~ except for Ce-8 used as a reference, average values of around 4--5 nm were obtained. The crystallites of NiO are larger and are also much more influenced by the pH. As deduced from the results in [Table 2](#materials-12-03436-t002){ref-type="table"}, the crystallite size for NiO decreased on increasing the pH.

### 3.1.4. Surface Area BET Measurement {#sec3dot1dot4-materials-12-03436}

The textural properties of the synthesized Ni-Ce-pH (pH = 8, 9, and 10) mixed oxides were investigated by nitrogen adsorption--desorption isotherm measurements. The isotherms and the corresponding pore size distribution curves are depicted in [Figure 3](#materials-12-03436-f003){ref-type="fig"}. According to the International Union of Pure and Applied Chemistry (IUPCA) classification, these catalysts displayed type IV nitrogen adsorption--desorption isotherms, which are typical of materials that have a mesoporous structure \[[@B38-materials-12-03436]\]. The values for average pore sizes obtained by applying the BJH method are in the range 20--80 nm ([Table 3](#materials-12-03436-t003){ref-type="table"}). Even at high P/P~0~ values, the N~2~ adsorption--desorption curves did not show a plateau, which suggests that nitrogen physisorption occurred between aggregates or agglomerates of particles that form slit-shaped pores with non-uniform size and/or shape \[[@B39-materials-12-03436]\]. Furthermore, it can be seen from [Figure 3](#materials-12-03436-f003){ref-type="fig"} that the pore size distribution curves only have one large uniform and intense peak, thus indicating a rather good uniformity of the pore channels in the mesoporous texture of these catalysts.

The BET specific surface area values of the catalysts are summarized in [Table 3](#materials-12-03436-t003){ref-type="table"}. The results show that on increasing the preparation pH the specific surface area increases significantly from 73 m^2^/g (pH = 8) to 91 m^2^/g (pH = 10), which is in good agreement with the changes in crystallinity observed by XRD for both CeO~2~ and NiO~2~ phases.

### 3.1.5. Temperature-Programmed Reduction (H~2~-TPR) {#sec3dot1dot5-materials-12-03436}

The reducibility of a catalyst is an important parameter that is very often associated with its activity in the soot oxidation reaction. The reducibility of our Ni--Ce mixed oxides was investigated by temperature-programmed reduction experiments under a flow of H~2~ (H~2~-TPR). The H~2~-TPR profiles are depicted in [Figure 4](#materials-12-03436-f004){ref-type="fig"}. As a reference, the reduction of Ce-8 starts to be noticeable at temperature above 400 °C, and peaking at 534 and 870 °C. The introduction of nickel results in an oxide with improved reducibility. It can be seen that all of the profiles show a main asymmetric reduction peak in the range 250--400 °C along with some peaks with low intensity at temperatures around 150--200 °C. It is important to note that other hydrogen consumption signals were not observed at higher temperatures (\>400 °C), which implies that all of the reduction processes occurring in these samples, including the reduction of CeO~2~, take place at a moderate temperature. For a better assignment of the TPR peaks, the H~2~-consumption values obtained experimentally from the integration of the curves were compared with the theoretical values estimated for complete reduction of the samples, assuming that, after calcination of the samples, all of the Ni is present as Ni^2+^ and Ce as Ce^4+^ ([Table 4](#materials-12-03436-t004){ref-type="table"}). According to these values, we conclude that the catalyst reduction is almost complete at the end of the TPR experiments, which indicates that the main reduction peak in the range 250--400 °C accounts for the reduction of both NiO (NiO→Ni) and CeO~2~ (CeO~2~→Ce~2~O~3~) components.

The position of this peak in the case of NiO catalysts is normally associated in the literature \[[@B40-materials-12-03436],[@B41-materials-12-03436]\] with the NiO particle size (larger particles are reduced at higher temperatures) and/or with the degree of NiO-support interaction (stronger interactions lead to higher reduction temperatures). In this case, only a very small shift to lower temperatures was observed in the position of the maximum on increasing the pH. This effect could be explained in terms of the decrease in crystallite sizes with pH, observed by XRD. However, a difference in the interaction degree between NiO and CeO~2~ as a function of the synthetic conditions cannot be ruled out.

The peaks observed at low temperatures can be explained as being due to the reduction of oxygen adsorbed on the vacancies caused by the incorporation of Ni^2+^ within the CeO~2~ network. In this sense, it seems that the formation of these vacancies is especially favored in the cases of Ni-Ce-8 and Ni-Ce-10 \[[@B40-materials-12-03436],[@B42-materials-12-03436]\].

### 3.1.6. Electron Microscopy Analysis (HAADF/TEM-EDS) {#sec3dot1dot6-materials-12-03436}

The results obtained in the electron microscopy characterization of the Ni-Ce-X mixed oxides are presented in [Figure 5](#materials-12-03436-f005){ref-type="fig"}, [Figure 6](#materials-12-03436-f006){ref-type="fig"}, [Figure 7](#materials-12-03436-f007){ref-type="fig"} and [Figure 8](#materials-12-03436-f008){ref-type="fig"}. A representative image of these samples taken at two different magnifications is shown in [Figure 5](#materials-12-03436-f005){ref-type="fig"}. NiO was identified in the form of characteristic holey plate-shaped particles. In contrast, CeO~2~ appears to form small crystals with different degrees of agglomeration (the spots observed in the DDPs shown as insets were indexed on the basis of the fluorite structure). Some of these crystals can be observed in [Figure 5](#materials-12-03436-f005){ref-type="fig"}, and they are isolated and have a size of around 5 nm, which is consistent with the results obtained by XRD. In an effort to gain more insight into the spatial distribution of Ni and Ce in the mixed oxides, STEM-EDS mappings of Ni and Ce were registered for the three catalysts. HAADF-STEM images of the analyzed area and the corresponding chemical maps are shown in [Figure 6](#materials-12-03436-f006){ref-type="fig"}, [Figure 7](#materials-12-03436-f007){ref-type="fig"} and [Figure 8](#materials-12-03436-f008){ref-type="fig"}. The HAADF-STEM image corresponding to the Ni-Ce-8 sample ([Figure 6](#materials-12-03436-f006){ref-type="fig"}) clearly illustrates the structure of this catalyst, which is constituted by small crystallites supported on plate-shaped particles. The chemical maps confirm the presence of Ce in the crystallites and Ni in the plate-shaped particles. The image shown in [Figure 6](#materials-12-03436-f006){ref-type="fig"} corresponds to one of these plate-shaped particles in a profile view, which allows us to establish a thickness of around 20 nm for these particles. The same structure can be observed in the images corresponding to the Ni-Ce-9 and Ni-Ce-10. However, in the case of the Ni-Ce-9 sample, an additional feature can be highlighted, namely a higher population of stacked particles---as observed mainly in the low magnification HAADF-STEM image in [Figure 7](#materials-12-03436-f007){ref-type="fig"}. In summary, the results obtained by electron microscopy indicate that the investigated Ni--Ce catalysts are constituted by two different morphologies: CeO~2~ forms small crystallites (\~5 nm) supported on large plate-shaped particles of NiO (\~20 nm thick).

3.2. Catalytic Activity Tests {#sec3dot2-materials-12-03436}
-----------------------------

### 3.2.1. Soot Oxidation under Air {#sec3dot2dot1-materials-12-03436}

The samples of Ni-Ce-pH were tested in the catalytic soot oxidation reaction. As a reference, the results of a CeO~2~ prepared at pH = 8 using the same method is included. The catalytic activity measurements were made in two contact modes: loose (mixed with a spatula for 5 min) and tight (ground in a mortar for 5 min) conditions because the contact mode in this reaction is a key factor \[[@B43-materials-12-03436]\]. All TGA profiles, as a function of temperature of the Ce-8, Ni-Ce-8, Ni-Ce-9, Ni-Ce-10, and uncatalyzed soot, were normalized by removing the weight loss/soot conversion (below 300 °C) due to the desorption of adsorbed H~2~O \[[@B20-materials-12-03436]\]. The normalized soot conversions due to soot oxidation for both contact modes (loose and tight) of Ce-8 and Ni-Ce-pH mixed oxides are represented in [Figure 9](#materials-12-03436-f009){ref-type="fig"}, and the results are summarized in [Table 5](#materials-12-03436-t005){ref-type="table"}. In order to facilitate a comparison, the combustion of soot referred to the uncatalyzed soot oxidation was also studied. The soot combustion for the uncatalyzed soot oxidation was completed between 590 and 705 °C.

In the case of loose contact, [Figure 9](#materials-12-03436-f009){ref-type="fig"}a, the catalytic activities of these catalysts are similar and better than that of Ce-8. In previous studies it has been reported that the influence of the catalysts in the loose contact mode is very limited \[[@B20-materials-12-03436],[@B44-materials-12-03436],[@B45-materials-12-03436],[@B46-materials-12-03436]\]. However, according to \[[@B10-materials-12-03436],[@B46-materials-12-03436]\], oxygen mobility through the catalysts with soot particulates plays an important role in the loose contact mode. In this case, these results were quite similar to each other because the redox properties were quite similar according to H~2~-TPR analysis. This would explain Ce-8 having the poorest activity due to the worst reducibility.

The soot conversions of soot mixed with the Ce-8, Ni-Ce-8, Ni-Ce-9, and Ni-Ce-10 catalysts under tight contact mode are provided in [Figure 9](#materials-12-03436-f009){ref-type="fig"}b. Generally, in tight contact mode the grinding force achieved on using the mortar to prepare the catalyst--soot mixture generates a more effective contact between the catalyst and the sample \[[@B3-materials-12-03436]\]. The estimated T~50~ temperatures for the soot oxidation of the studied catalysts Ce-8, Ni-Ce-8, Ni-Ce-9, and Ni-Ce-10 were 469, 417, 424, and 433 °C, respectively. These results for soot oxidation with Ce catalysts are better than others found in the literature as obtained, for example, by Rangaswamy et al. \[[@B21-materials-12-03436]\], Shan et al. \[[@B31-materials-12-03436]\], and Krishna et al. \[[@B20-materials-12-03436]\]. In this case, the Ni particles played an important role in diminishing the T~50~ and increasing the catalytic activity.

It was observed that there was a high dependence between pH in the preparation step and catalytic activity. It was found that the highest conversion values were achieved for the sample prepared with the most acidic medium.

In an attempt to explain these differences, Wen et al. \[[@B47-materials-12-03436]\] reported that the surface area and mesoporous structure of the materials plays an important role in enhancing the contact between the soot and the active sites of the catalyst. However, in our study, the lower preparation pH and surface area gave rise to the highest activity. According to the literature \[[@B10-materials-12-03436],[@B46-materials-12-03436]\], another factor that predominates in tight contact is the quantity of active oxygen species on the surface. In nickel and cerium mixed oxides, it is possible to create very reactive oxygen species because of the synergistic effect caused by Ni incorporated within the CeO~2~ \[[@B48-materials-12-03436],[@B49-materials-12-03436]\]. As a consequence, it seems reasonable to envisage that Ni-Ce-8 has the highest catalytic activity because of the incorporation of nickel in the ceria network, as confirmed by XRD.

### 3.2.2. Apparent Activation Energy {#sec3dot2dot2-materials-12-03436}

The apparent activation energy is an important parameter in soot oxidation reactions. Ozawa plots at different soot conversion levels over Ni-Ce-8, Ni-Ce-9, and Ni-Ce-10 mixed oxide catalysts are shown in [Figure S3](#app1-materials-12-03436){ref-type="app"}. The soot oxidation experiments using tight contact mode were carried out at different heating rates (β = 10, 15, 20, and 25 °C/min) for all catalysts in the TGA system. The activation energy (E~a~) can be estimated from the slope of the least-squares straight line fit of $\log\left( \mathsf{\beta} \right)$ versus $1/T_{x}$ from Ozawa plots at the various soot conversion levels (x = 10%, 20%, 30%, 40%, 50%, 60%, and 70%). The activation energies of all catalysts are summarized in [Table 6](#materials-12-03436-t006){ref-type="table"}. It has been observed that the activation energy of non-catalytic soot at T~50~ (50% soot conversion) and as reported by Neeft et al. \[[@B50-materials-12-03436]\] was higher compared to that of the catalyzed one as mentioned in [Table 6](#materials-12-03436-t006){ref-type="table"}. The good interaction of Ni particles incorporated into ceria network may have a highly positive effect on the activation energy. It can be observed from the results in [Table 6](#materials-12-03436-t006){ref-type="table"} that the activation energy is lower for catalysts prepared at pH 8. At low conversion levels (x = 10%, 20%, 30%, and 40%) the activation energy is lower for the catalyst prepared at pH 10 than for the catalyst prepared at pH 9. However, at high conversion levels, the activation energy increases with increasing pH. This finding could be related with the H~2~-TPR measurements, where in Ni-Ce-8 and Ni-Ce-10 at low temperature there is oxygen adsorbed in the vacancies caused by the incorporation of Ni^2+^ within the CeO~2~ network.

4. Conclusions {#sec4-materials-12-03436}
==============

Ni-Ce-pH (pH = 8, 9, and 10) mixed oxide catalysts have been successfully prepared by a modified coprecipitation method at different pH values. The catalytic activity of these catalysts was investigated for soot oxidation under loose and tight contact conditions using the TGA technique. Ni-Ce-pH mixed oxide catalysts prepared at different pH values exhibit different physicochemical properties that can have a marked influence on their catalytic activity in the soot oxidation reaction. Under tight contact mode, it was found that the catalytic activity increased with decreasing pH, and Ni-Ce-8 exhibited a better performance in soot combustion due to the high incorporation of nickel within the ceria network. However, under loose contact mode, the catalytic activities of these catalysts are very similar because this process is governed by bulk diffusion of lattice oxygen.
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![FTIR Spectra of Ni-Ce-pH catalysts after calcination at 600 °C: (**a**) Ni-Ce-8; (**b**) Ni-Ce-9 and (**c**) Ni-Ce-10.](materials-12-03436-g001){#materials-12-03436-f001}

![XRD patterns of Ni-Ce-pH catalysts calcined at 600 °C: (**a**) Ce-8; (**b**) Ni-Ce-8; (**c**) Ni-Ce-9; and (**d**) Ni-Ce-10. ♦ CeO~2~, ● NiO.](materials-12-03436-g002){#materials-12-03436-f002}

![Nitrogen adsorption/desorption isotherms and pore size distribution of Ni-Ce-pH catalysts after calcination at 600 °C: (**a**) Ni-Ce-8; (**b**) Ni-Ce-9 and (**c**) Ni-Ce-10.](materials-12-03436-g003){#materials-12-03436-f003}

![H~2~ temperature-programmed reduction (H~2~-TPR) profiles of Ni-Ce-pH catalysts after calcination at 600 °C: (**a**) Ce-8; (**b**) Ni-Ce-8; (**c**) Ni-Ce-9; and (**d**) Ni-Ce-10.](materials-12-03436-g004){#materials-12-03436-f004}

![Representative TEM images of the Ni-Ce-8 catalyst: (**a**) low magnification; (**b**) high magnification; and as insets the digital diffractograms (DDPs) of the zone marked.](materials-12-03436-g005){#materials-12-03436-f005}

###### 

High-angle annular dark-field scanning--transmission electron microscopy (HAADF-STEM) images of Ni-Ce-8 and energy-dispersive X-ray spectroscopy (EDS) chemical maps of Ni and Ce.
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![HAADF-STEM images of Ni-Ce-9 and EDS chemical maps of Ni and Ce.](materials-12-03436-g007){#materials-12-03436-f007}

![HAADF-STEM images of Ni-Ce-10 and EDS chemical maps of Ni and Ce.](materials-12-03436-g008){#materials-12-03436-f008}

![Soot oxidation with air/N~2~ over Ce-8, Ni-Ce-8, Ni-Ce-9, and Ni-Ce-10 catalysts as indicated, conditions: TGA, catalyst:soot---20:1 (w/w), contact: (**a**) loose and (**b**) tight, heating rate = 10 °C/min, air/N~2~ flow = 100 mL/min.](materials-12-03436-g009){#materials-12-03436-f009}
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###### 

Chemical composition of Ni-Ce-pH catalysts.

  Sample     Ni/Ce ^a^   Weight (%)   Ni/Ce ^b^    
  ---------- ----------- ------------ ------------ ------
  Ni-Ce-8    1.25        32.3 ± 0.1   28.0 ± 0.2   0.87
  Ni-Ce-9    1.25        28.0 ± 0.3   28.0 ± 0.3   1
  Ni-Ce-10   1.25        32.4 ± 0.2   32.2 ± 0.2   0.99

a Nominal value; b Measured value (ICP---inductively coupled plasma).
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###### 

Results obtained from the structural characterization of Ni--Ce catalysts by XRD.

  Sample     Crystallite   Position of the Most Intense Peak 2θ (°)   Average Crystallite Size (nm)   Lattice Parameter (a) NiO and CeO2 (Å)
  ---------- ------------- ------------------------------------------ ------------------------------- ----------------------------------------
  Ce-8       CeO~2~        28.56                                      12.6                            5.410
  Ni-Ce-8    NiO           43.36                                      18.7                            4.170
  CeO~2~     28.54         5.2                                        5.397                           
  Ni-Ce-9    NiO           43.32                                      14.3                            4.173
  CeO~2~     28.53         4.2                                        5.399                           
  Ni-Ce-10   NiO           43.37                                      13.0                            4.169
  CeO~2~     28.56         4.8                                        5.405                           
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###### 

Textural properties of Ni-Ce-pH catalysts.

  Sample     S~BET~ (m^2^/g)   V~P~ (cm^3^/g)   D~P~ (nm)
  ---------- ----------------- ---------------- -----------
  Ni-Ce-8    73                0.27             19.14
  Ni-Ce-9    80                0.27             56.99
  Ni-Ce-10   91                0.40             17.08
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###### 

H~2~ uptake in the H~2~-TPR analysis of the prepared catalysts.

  Sample     Total H~2~ Consumption (mmol/g) ^(a)^   Total H~2~ Consumption (mmol/g) ^(b)^   ɛ ^(c)^
  ---------- --------------------------------------- --------------------------------------- ---------
  Ce-8       2.9                                     1.8                                     \-
  Ni-Ce-8    11.84                                   9.90                                    0.84
  Ni-Ce-9    11.53                                   9.82                                    0.85
  Ni-Ce-10   13.28                                   11.03                                   0.83

\(a\) Amount of H~2~ required for complete reduction (theoretical); (b) Amount of H~2~ consumed (experimental); (c) Extent of reduction calculated from the ratio between experimental and theoretical H~2~ consumption.
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###### 

Characteristic temperatures of soot oxidation in air in loose and tight contact mode for the prepared catalysts.

  Contact Mode   Catalyst                Temperature (°C)               
  -------------- ----------------------- ------------------ ----- ----- -----
  Uncatalyzed    Pure soot (Printex-U)   593                652   688   705
  Loose          Ce-8                    536                610   664   690
  Ni-Ce-8        507                     589                624   646   
  Ni-Ce-9        511                     592                629   651   
  Ni-Ce-10       513                     594                630   655   
  Tight          Ce-8                    415                468   537   617
  Ni-Ce-8        365                     417                479   598   
  Ni-Ce-9        372                     424                504   611   
  Ni-Ce-10       375                     433                531   616   

a Temperature at 10%, 50%, and 90% soot conversion; b Final temperature of soot oxidation.
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###### 

Apparent activation energy (E~a~) calculated from Ozawa plots at different soot conversions. The activation energy of non-catalytic soot at T~50~ is 168 KJ/mol.

  Catalyst   Apparent Activation Energy (kJ/mol) ± 5, at x% Conversion                                 
  ---------- ----------------------------------------------------------- ----- ----- ----- ----- ----- -----
  Ni-Ce-8    109                                                         111   114   118   121   126   133
  Ni-Ce-9    139                                                         144   140   139   130   141   142
  Ni-Ce-10   133                                                         125   128   131   136   142   150
